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HIGHLIGHTS 


►  Evidences  of  the  migration  of  Pt  crystallites  in  the  presence  of  H2,  CO  or  CH3OH. 

►  The  migration  rate  of  the  Pt  crystallites  is  the  largest  in  CO-containing  solution. 

►  First  insights  into  the  interactions  between  Pt  nanoparticles  and  carbon  supports. 
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In  this  study,  we  made  use  of  structural  markers  to  gain  more  insights  into  the  structural  stability  of 
commercial  carbon-supported  Pt  electrocatalysts  under  oxidizing,  inert  and  reducing  atmospheres.  The 
materials  were  characterized  by  electron  microscopy  and  electrochemical  techniques  in  the  fresh  state 
and  after  various  aging  conditions.  The  results  show  that  Pt  nanoparticles  supported  on  Vulcan  XC72  are 
not  immobile  but  prone  to  agglomerate  during  potential  sweeping  in  the  presence  of  hydrogen  (H2), 
methanol  (CH3OH),  and  carbon  monoxide  (CO).  The  migration  rate  of  the  Pt  crystallites  is  the  largest  in 
CO-containing  solution  and  decreases  in  the  order  CO  >  CH3OH  >  H2.  We  postulate  that  the 
morphological  changes  of  the  Pt/C  nanoparticles  are  related  to  the  reduction  of  the  oxygen-bearing 
carbon  surface  groups  strongly  interacting  with  the  Pt  metal  phase. 
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1.  Introduction 

Conventional  catalytic  layers  of  proton-exchange  membrane  fuel 
cells  (PEMFC)  utilize  Pt-based  catalysts  supported  on  porous  carbon 
supports  such  as  carbon  blacks.  Carbon  blacks  possess  large  surface 
area,  high  electron  conductance,  chemical  inertness,  adequate 
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porosity  and  low  cost,  which  make  them  attractive  for  this  appli¬ 
cation  [1,2].  Yet,  providing  long-term  stability  to  the  Pt-based 
nanoparticles  under  PEMFC  operating  conditions  has  proven  chal¬ 
lenging.  Degradations  mechanisms  of  carbon-supported  Pt-based 
nanoparticles  include:  (i)  3D  Ostwald  ripening,  where  the  smaller 
crystallites  dissolve  preferentially,  yielding  the  formation  of  Ptz+ 
and  My+  ions  (M  being  the  alloying  element)  and  their  redeposition 
onto  larger  crystals  [3-6];  (ii)the  chemical  reduction  of  the  Pf+  ions 
in  ion  conductors,  yielding  formation  of  electrically  disconnected  Pt 
crystallites  [7];  (iii)  the  corrosion  of  the  carbon  support  leading  to 
the  detachment  of  the  metal  nanoparticles  [8  ]  and  (iv)  the  migration 
of  Pt  crystallites  [9-12].  The  interest  reader  is  referred  to  the 
comprehensive  review  of  Shao-Horn  et  al.  [9]  for  more  details. 

Although  there  is  a  large  body  of  experimental  evidences  for  the 
first  three  mechanisms,  the  migration  of  crystallites  has  only  been 
seldom  explored.  There  are  several  reasons  for  this,  the  most 
obvious  being  that  crystallite  migration,  carbon  corrosion,  and 
Ostwald  ripening  are  interdependent  mechanisms  or  occur  simul¬ 
taneously  [7,13].  Indeed,  the  corrosion  of  the  carbon  support  to 
gaseous  species  induces  the  movement  of  the  metal  crystallites  and 
their  further  agglomeration/detachment  [14].  Similarly,  the  pref¬ 
erential  dissolution  of  the  smallest  crystallites  during  Ostwald 
ripening  is  likely  to  influence  their  mobility  on  the  carbon  support. 
Another  reason  is  that  crystallite  migration,  carbon  corrosion,  and 
Ostwald  ripening  produce  to  some  extent  similar  morphological 
changes  (particle  size  growth,  agglomeration  and  eventually  coa¬ 
lescence  of  the  metal  particles)  [7,14].  Several  studies  tried  to  make 
a  distinction  between  a  sintering  caused  by  Ostwald  ripening  or  by 
crystallite  migration  on  the  basis  of  the  shape  of  the  particle  size 
distribution  (PSD)  [15].  However,  such  analysis  is  strongly  depen¬ 
dent  on  the  quality,  the  choice  and  the  proper  analysis  of  repre¬ 
sentative  transmission  electron  microscopy  (TEM)  images  and, 
practically  speaking,  remains  hardly  feasible. 

Dealing  with  crystallite  migration  also  raises  the  nature  of  the 
interactions  existing  between  the  metal  nanoparticles  and  the 
underlying  carbon  support.  There  is  a  consensus  in  the  scientific 
community  to  say  that  carbon  surface  oxides  (referred  to  as  COsurf 
in  what  follows)  play  a  major  role  during  the  synthesis  of  metal 
nanoparticles  [16-25].  Lowde  et  al.  [17]  and  Prado-Burguete  et  al. 
[18]  argued  that  aqueous  metal  ion  species  strongly  interact  with 
the  oxygenated  groups  present  on  the  carbon  support  through 
electrostatic  interactions  and  determine  the  structure  and  the 
morphology  of  the  final  crystallites  (e.g.  particle  size  distribution 
and  degree  of  agglomeration).  On  the  contrary,  other  authors 
[16,23]  reported  a  decrease  of  the  metal  dispersion  in  the  presence 
of  oxygen-bearing  surface  groups.  Now,  the  persistence  of  these 
interactions  after  the  reduction  of  the  metallic  salt  to  form  a  metal 
nanoparticle  remains  a  still  open  question.  There  are  experimental 
evidences,  from  electron-spin  resonance  [26],  X-ray  photoelectron 


spectroscopy  [19,27-31]  and  infrared  spectroscopy  studies  [32,33], 
that  metal  nanoparticles  interact  with  the  carbon  support  via  the 
oxygen  atoms  of  COsurf  groups.  This  interaction  not  only  influences 
the  kinetics  of  PEMFC  reactions  [2]  but  also  the  resistance  to  sin¬ 
tering  of  the  metal  particles  in  both  the  gas  [21,34]  and  the  liquid 
phase  [35].  On  the  other  hand,  COsurf  groups  are  generated  on  high 
surface  area  carbon  supports  (HSAC)  in  PEMFC  operating  condi¬ 
tions  (low  pH  <1,  high  temperature  >70  °C,  high  electrode 
potentials  and  oxygen-containing  environment  at  the  cathode) 
[36-38].  In  an  early  study,  Giordano  et  al.  [39]  showed  that  the 
presence  of  COsurf  groups  on  the  carbon  support  enhances  the 
carbon  corrosion  rate,  and  the  latter  was  rationalized  by  the 
transfer  of  oxygenated  species  from  the  Pt  nanoparticles  to  the 
COSurf  species,  to  form  gaseous  products,  CO  and  CO2  [14,37,40-42]. 
Summing  up,  COSUrf  groups  play  a  dual  role:  (i)  they  behave  as 
anchoring  sites  for  the  metal  nanoparticles,  and  (ii)  they  are  reac¬ 
tion  intermediates  in  the  corrosion  of  the  native  carbon  support. 
However,  their  interaction  with  the  metal  nanoparticles  is  still  not 
fully  understood  and  is  the  focus  of  the  present  study. 

To  reach  this  objective,  commercial  Pt/Vulcan  XC72  electro¬ 
catalysts  (denoted  Pt/C  in  what  follows)  were  aged  in  “mild” 
conditions,  for  which  the  corrosion  of  both  the  Pt  nanoparticles  and 
the  carbon  support  cannot  be  considered  dominant.  Transmission 
electron  microscopy  and  electrochemical  techniques  were 
successfully  employed  to  characterize  the  fresh  and  the  aged 
catalysts.  We  show  that  the  migration  of  Pt  crystallites  is  acceler¬ 
ated  in  the  presence  of  “reducing”  molecules  such  as  H2,  CO,  and 
CH3OH. 

2.  Experimental 

2.1.  Physical  characterization  of  the  carbon  supported  Pt 
nanoparticles 

Three  samples  based  on  Pt  nanoparticles  supported  on  Vulcan 
XC72  were  investigated  to  explore  the  migration  of  Pt  crystallites. 
They  were  supplied  by  E-Tek  and  have  different  weight  fractions 
(wt.%)  of  20,  30  and  40%,  translating  into  surface  averaged  mean 
particle  size  of  2.9,  3.4  and  4.7  nm,  respectively  (see  Table  1).  The 
catalysts  were  used  as-received  without  any  further  treatment. 

2.2.  High-resolution  transmission  electron  microscopy  imaging 

The  metal  nanoparticles  were  examined  with  a  Jeol  2010  TEM 
operated  at  200  kV  with  a  point  to  point  resolution  of  0.19  nm.  The 
TEM  images  were  used  to  build  the  particle  size  distribution  of  the 
catalysts  before/after  electrochemical  treatment.  From  these 
observations,  the  particle  size  distribution,  the  number  averaged 
diameter: 


Table  1 

Number  and  surface  averaged  mean  particle  size,  density  of  isolated  and  agglomerated  particles  and  loss  of  isolated  Pt  particles  for  three  Pt/C  commercial  electrocatalysts 
before/after  repetitive  CO  stripping  voltammograms  or  after  repetitive  pseudo  CO  strippings  voltammograms. 


20  wt.%  Pt/C 

30  wt.%  Pt/C 

40  wt.%  Pt/C 

Fresh 

After  10  CO  stripping 
voltammograms 

Fresh 

After  10  CO  stripping 
voltammograms 

Fresh 

After  10  CO  stripping 
voltammograms 

After  8  pseudo  +  2  real 
CO  strippings 

dN/nm 

2.5 

2.5 

2.7 

2.9 

3.5 

4.6 

3.6 

dsl  nm 

2.9 

2.9 

3.4 

3.4 

4.5 

5.3 

4.5 

Number  of  isolated  particles/pm-2 

38,000 

32,000 

10,800 

8000 

8000 

5600 

7500 

carbon 

Number  of  agglomerated  particles/pm  2 

2500 

2500 

2800 

3000 

2600 

2200 

2200 

carbon 

Total  number  of  particles/ pm-2  carbon 

40,500 

34,500 

13,600 

11,000 

10,600 

7800 

9700 

Fraction  of  agglomerated  particles/% 

6.2 

7.2 

20.6 

27.3 

24.5 

28.2 

22.7 

Loss  of  isolated  particles /% 

- 

15.8 

0 

26.0 

0 

30.0 

6.2 
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were  determined  by  eye-counting  over  ca.  400  particles  (nz  stands 
for  the  number  of  particles  having  a  diameter  d/).  Only  “iso¬ 
lated”  particles  (that  is  non-agglomerated,  single  grain  spherical 
particles)  were  counted  to  build  the  PSD.  We  also  used  TEM 
images  to  evaluate  the  number  of  isolated/agglomerated  particles 
per  pm2  of  carbon,  by  eye-counting  over  typically  20  representative 
images. 


2.3.  Electrochemical  measurements  in  liquid  electrolyte 

2.3.1.  Solutions 

All  the  glassware  used  in  this  study  was  cleaned  by  immersion 
in  a  H2S04:H202  mixture  overnight  and  thoroughly  rinsed  with 
MQ-grade  water.  Solutions  were  prepared  from  ultrapure  water 
(MQ  grade,  18.2  MO  cm,  1-3  ppm  TOC)  and  HCIO4  (Suprapur, 
Merck).  The  electrolyte  was  a  0.1  M  HCIO4  solution  purged  with 
argon  (99.99%). 

2.3.2.  Electrochemical  cell  set-up 

The  working  electrode  was  a  porous  rotating  disk  electrode 
(RDE)  composed  of  Pt/C  20,  30  or  40  wt.%  (E-Tek)  deposited  on 
a  glassy  carbon  disk  (Sigradur,  0.196  cm2)  and  immersed  in  the 
electrochemical  cell  at  controlled  electrode  potential:  E  =  0.10  V  vs. 
the  reversible  hydrogen  electrode  (RHE).  The  counter-electrode 
was  a  Pt  foil  and  the  reference  electrode  -  a  mercury  sulfate 
electrode  (MSE)  Hg|Hg2SO4|0.1  M  H2S04  (aq)  -  connected  to  the 
cell  via  a  Luggin  capillary. 

2.3.3.  Preparation  of  porous  rotating  disk  electrodes  (RDE) 

Porous  RDE  were  prepared  as  follows.  A  mixture  of  5.0  mg  of  Pt / 

C,  2.4  mL  of  MQ-grade  water  and  54  pL  5  wt.%  Nation®  solution 
(Electrochem.  Inc.)  was  ultrasonically  treated  for  30  min  to  obtain 
a  well-dispersed  ink.  An  aliquot  was  then  deposited  onto  a  glassy 
carbon  disk  and  sintered  for  5  min  at  T=  383  I<  to  ensure  its  binding 
to  the  glassy  carbon  disk  and  evaporation  of  the  Nation®  solvents. 

2.3.4.  Electrochemical  characterization  and  durability  tests 

The  electrochemical  characterization  and  the  durability  tests  on 
the  Pt/C  catalysts  were  conducted  in  two  identical  four-electrode 
cells  thermostated  at  T  =  20  °C.  In  the  “characterization  cell”,  the 
real  surface  area  of  the  fresh/aged  Pt/C  electrocatalysts  was  deter¬ 
mined  using  CO-stripping  voltammograms.  The  CO  saturation 
coverage  was  established  by  bubbling  CO  for  6  min  and  purging 
with  Ar  for  39  min,  while  keeping  the  electrode  potential  at 
E  =  0.1  V  vs.  RHE.  It  was  assumed  that  the  electrooxidation  of  an 
adsorbed  CO  monolayer  requires  420  pC  cnrr2.  After  electro¬ 
chemical  characterization,  the  porous  RDE  was  emerged  at  E  =  0.1  V 
vs.  RHE,  transferred  into  the  “durability  test  cell”  and  contacted  at 
E  =  0.1  V  vs.  RHE  with  the  same  supporting  electrolyte  saturated 
with  H2,  CO  or  methanol.  The  durability  test  was  performed  in  two 
parts,  the  first  one  consists  of  50  potential  cycles  between  0.05  and 
0.4  or  1.23  V  vs.  RHE  at  v  =  0.20  V  s-1.  The  electrode  was  then 
emerged  at  E  =  0.1  V  vs.  RHE,  thoroughly  rinsed  with  water  and 
transferred  back  into  the  “characterization  cell”.  After  electro¬ 
chemical  characterization,  the  next  750  cycles  were  conducted 
following  a  similar  procedure. 


3.  Results  and  discussion 

3  A.  Definition  of  structural  markers  of  “crystallite  migration" 

During  crystallite  migration,  crystallites  collide,  form  agglom¬ 
erates  and  eventually  coalesce  to  form  larger  crystallites.  Conse¬ 
quently,  the  fraction  of  “isolated”  particles  (i.e.  spherically-shaped 
and  non-agglomerated)  is  expected  to  decrease  at  the  expense  of 
the  fraction  of  agglomerated  particles.  Those  changes  can  be 
imaged  and  quantified  by  a  proper  analysis  of  representative  TEM 
images.  From  this  analysis,  (i)  the  number  and  the  surface  averaged 
mean  particle  size,  (ii)  the  density  of  isolated  and  agglomerated 
nanoparticles,  (iii)  the  total  particle  density  defined  as  the  sum  of 
isolated  and  agglomerated  nanoparticles  per  pm2  of  the  carbon 
support,  (iv)  the  fraction  of  agglomerated  particles  and  (v)  the 
percentage  of  lost  isolated  particles  during  the  electrochemical 
treatment,  were  determined. 

We  also  defined  structural  markers  accessible  from  electro¬ 
chemical  experiments.  In  particular,  we  used  “CO  stripping”  vol¬ 
tammograms  as  a  rapid  and  facile  method  to  detect  in  situ  the 
agglomeration  of  the  carbon-supported  Pt  particles.  Indeed,  it  is 
well  established  that  the  presence  of  Pt  nanoparticles  featuring 
surface  defects,  such  as  Pt  agglomerates,  yields  a  CO  electro¬ 
oxidation  pre-peak,  which  is  shifted  ca.  50  mV  negative  vs.  the  CO 
electrooxidation  peak  on  isolated  Pt/C  particles  [43—47].  Addi¬ 
tionally,  the  position  of  the  main  CO  stripping  peak  strongly 
depends  on  the  mean  particle  size  and  shifts  toward  positive 
potential  when  decreasing  the  Pt  particle  size  [43,44,48]. 

The  relevance  of  our  structural  markers  is  demonstrated  in  Fig.  1, 
showing  background-subtracted  CO  stripping  voltammograms  on 
Pt/C  catalysts  with  different  Pt  wt.%,  and  the  associated  particle  size 
distributions.  As  the  Pt  wt.%  increases,  the  charge  under  the 
pre-peak  develops,  reflecting  an  increased  fraction  of  agglomerated 
Pt  nanoparticles  in  the  sample.  The  later  agrees  with  the  analysis  of 
TEM  images  (Table  1 ).  The  increased  agglomeration  degree  can  be 
accounted  for  by  considering  that,  as  the  metal  loading  increases, 
the  carbon  support  cannot  accommodate  the  Pt  nanoparticles,  and 
their  agglomeration  becomes  more  facile. 

At  this  point  of  the  paper,  we  would  like  to  point  out  that  caution 
should  be  exercised  when  considering  the  number  of  isolated/ 
agglomerated  particles  listed  in  Table  1.  In  particular,  our  analysis 
only  considered  the  number  and  not  the  size/shape  of  the  Pt 
agglomerates.  Therefore,  the  relationship  with  the  electrochemical 
measurements  remains  to  a  large  extent  qualitative  but  is  good 
enough  to  draw  clear  and  concise  conclusions  on  the  fraction  of 
agglomerated  particles  present  in  the  sample.  In  particular,  the 
above  results,  as  well  as  those  obtained  by  different  research 
groups  [43,44,46-49],  demonstrate  a  strong  relationship  between 
the  amplitude  of  the  pre-peak  in  CO  stripping  voltammograms  and 
the  extent  of  particle  agglomeration. 

3.2.  Mobility  ofPt  crystallites  under  CO  environment 

Fig.  2  shows  the  effect  of  repetitive  CO  stripping  voltammograms 
for  the  different  catalysts  used  in  this  study.  Over  the  sequence,  the 
CO  stripping  voltammograms  feature  a  decrease  in  the  charge 
under  the  main  CO  electrooxidation  peak  at  the  expense  of  the 
charge  contained  under  the  pre-peak.  Considering  the  above 
discussion,  these  results  indicate  that  the  Pt/C  nanoparticles  are 
mobile  on  the  high  surface  area  carbon  support  and  agglomerate 
upon  collision.  The  validity  of  this  assumption  is  confirmed  by  the 
analysis  of  representative  TEM  images.  Indeed,  the  latter  revealed 
that  the  number  of  isolated  particles  is  reduced  in  favor  of  the 
number  agglomerated  and/or  non-spherical  Pt/C  nanoparticles,  this 
effect  being  dependent  on  the  Pt  wt.  %.  This  is  in  agreement  with 
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Fig.  1.  Average  background-subtracted  CO  stripping  voltammograms  and  particle  size  distributions  of  the  Pt/C  electrocatalysts  used  in  this  study.  The  currents  are  normalized  to  the 
real  surface  area  estimated  from  CO  stripping  coulometry.  Each  voltammogram  is  the  average  of  three  measurements.  Electrolyte:  0.1  M  HC104;  v  =  0.020  V  s_1;  T  =  20  °C. 


Fig.  2.  (A-C)  Repetitive  background- subtracted  CO  stripping  voltammograms  on  Pt/C  electrocatalysts  and  (D-F)  representative  TEM  images  and  particle  size  distributions  of  the 
“isolated”  Pt/C  particles  before  (black  columns)  and  after  (blue  columns)  the  durability  test.  The  currents  are  normalized  to  the  real  surface  area  estimated  from  CO  stripping 
coulometry.  Each  voltammogram  is  the  average  of  three  measurements.  Electrolyte:  0.1  M  HC104;  v  =  0.020  V  s-1;  T  =  20  °C.  (For  interpretation  of  the  references  to  colour  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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theoretical  calculations  of  Ruckenstein  et  al.  that  the  rate  of  particle 
growth  is  dependent  on  the  metal  loading  on  the  support  [12]. 

It  is  of  prime  interest  to  determine  whether  the  morphological 
changes  of  the  Pt/C  nanoparticles  are  caused  by  the  potential 
program  (potential  hold  at  E  =  0.1  V  vs.  RHE,  i.e.  a  reducing 
potential,  during  45  min)  or  by  the  presence  of  CO  in  solution.  For 
that  purpose,  a  sequence  of  8  “pseudo  CO  stripping”  voltammo- 
grams  (consisting  of  all  the  steps  involved  in  CO-stripping  but  using 
Ar  instead  of  CO)  was  applied  on  Pt/C  40  wt.%,  and  only  two  “real” 
CO  stripping  characterizations  were  performed  at  the  beginning 
and  at  the  end  of  the  experiment.  Fig.  3  shows  the  initial  and  the 
final  CO  stripping  voltammograms  recorded  (A)  in  the  presence  and 
(B)  in  the  absence  of  CO  in  solution  during  the  8-cycle  sequence.  On 
the  right  hand  side  of  the  figure  are  also  shown  representative  TEM 
images  as  well  as  the  associated  particle  size  distributions.  It  is  clear 
from  Fig.  3B  that  the  potential  program  causes  slight  morphological 
changes,  and  is  not  responsible  for  the  agglomeration  of  the  Pt 
nanoparticles.  Indeed,  the  fraction  of  isolated  and  agglomerated 
particles,  and  the  shape  of  the  particle  size  distribution  are  very 
similar  before  and  after  this  sequence  (Table  1 ).  At  variance,  when 
performed  in  the  presence  of  CO  in  solution,  the  sequence  of  10  CO 
stripping  voltammograms  (8  +  2  for  characterization)  promotes  the 
development  of  the  CO  electrooxidation  pre-peak,  associated  with 
the  presence  of  Pt  agglomerates  in  the  sample.  In  the  presence  of 
CO  in  solution,  TEM  images  revealed  considerable  loss  of  “isolated” 
Pt  particles  due  to  the  formation  of  Pt  agglomerates. 

3.3.  Effect  of  H2,  CO  and  CH3OH 

Armed  with  such  information,  we  now  investigate  the  effect  of 
two  other  molecules  hydrogen,  and  methanol  in  solution  on  the 
morphology  of  the  Pt/C  nanoparticles.  Fig.  4  shows  the  CO  stripping 
voltammograms  recorded  on  the  fresh  Pt/C  40  wt.%  before  (plain 
line)  and  after  (dashed  line)  50  or  800  CVs  in  H2  or  CO-saturated 
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solutions  or  in  a  solution  containing  0.5  M  methanol.  CO  strip¬ 
ping  and  potential  cycling  was  conducted  in  different  electro¬ 
chemical  cells,  referred  to  as  “characterization  cell”  and  “durability 
test  cell”  cells,  respectively  (see  Section  2.2).  The  transfer  procedure 
between  the  two  cells  included  electrode  emersion  at  E  =  0.1  V  vs. 
RHE,  thorough  rinsing  with  MQ-grade  water,  and  transfer  to  the 
other  cell.  The  overall  procedure  takes  less  than  1  min.  For  sake  of 
comparison,  a  “blank”  experiment  was  also  performed  under  argon 
i.e.  in  the  absence  of  any  reducing  molecule  in  solution.  Table  2 
shows  that  the  “blank”  experiment  causes  minor  morphological 
changes  in  the  catalyst,  with  only  a  slight  decrease  of  the  fraction  of 
isolated  particles  but  no  increase  of  the  fraction  of  agglomerated 
particles.  The  rationale  for  such  observation  is  believed  to  be  the 
detachment  of  some  Pt  nanoparticles  that  has  already  been 
observed  during  accelerated  durability  tests  [50].  Furthermore,  the 
particle  size  distribution  suffered  slight  changes,  which  confirms 
that  the  observed  morphological  changes  shall  be  ascribed  only  to 
the  migration  of  Pt  crystallites  (see  the  particle  size  distributions  in 
Supplementary  material  -  Figure  SI).  In  CO  stripping  voltammo¬ 
grams,  a  slight  decrease  of  the  charge  under  the  main  CO  electro¬ 
oxidation  peak  is  observed  at  the  benefit  of  the  pre-peak. 

At  variance,  the  morphological  changes  are  considerable  when 
H2,  CO  or  methanol  is  present  in  solution  during  potential  cycling.  In 
this  case,  the  charge  under  the  CO  electrooxidation  pre-peak 
continuously  increases  at  the  expense  of  the  main  peak.  Represen¬ 
tative  TEM  images  of  the  aged  Pt/C  catalysts  shown  in  Fig.  4  feature 
the  formation  of  localized  areas  of  very  high  Pt  loading  on  Vulcan 
XC72,  while  other  zones  of  the  carbon  support  are  almost  depleted 
in  Pt.  The  analysis  of  these  images  confirms  that  the  fraction  of 
agglomerated  particles  greatly  increases  during  potential  cycling  in 
the  presence  of  H2,  CO  or  methanol  (Table  2  and  Fig.  5).  The 
migration  rate  of  Pt  crystallites  is  the  largest  in  CO-containing 
solution  and  decreases  in  the  order  CO  >  CH3OH  >  H2  (Table  2).  To 
the  best  of  our  knowledge,  this  is  the  first  evidence  of  Pt  crystallite 
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Fig.  3.  Initial  and  final  background-subtracted  CO  stripping  voltammograms  recorded  on  Pt/C  40  wt.%  (A)  in  the  presence  and  (B)  in  the  absence  of  CO  in  solution  during  the 
sequence.  (C)  and  (D)  show  representative  TEM  images  of  the  catalyst  and  the  size  distributions  of  the  “isolated”  particles  after  each  sequence.  Electrolyte:  0.1  M  HC104; 
v  -  0.020  Vs-1;T=  20  °C. 
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£7  V  vs.  RHE  £7  V  vs.  RHE 

Fig.  4.  Background-subtracted  CO  stripping  voltammograms  on  Pt/C  40  wt.%  before/after  50  cycles  (left  part)  or  800  cycles  (right  part)  between  0.05  and  1.23  V  vs.  RHE  in  electrolyte 
containing  hydrogen,  carbon  monoxide,  methanol  or  argon.  The  insets  show  representative  TEM  images  of  the  catalyst  after  50  or  800  CVs.  Electrolyte:  0.1  M  HC104;  v  =  0.020  V  s-1; 
T=  20  °C. 


migration  in  liquid  electrolyte  in  the  absence  of  other  coarsening 
mechanisms  such  as  Ostwald  ripening  or  carbon  corrosion. 

We  now  discuss  “bulk  CO”  experiments  where  CO  is  continu¬ 
ously  present  in  solution.  In  this  case,  the  analysis  of  representative 
TEM  images  clearly  show  that  the  presence  of  CO  in  solution 
accelerates  the  formation  of  Pt  agglomerates.  On  the  other  hand,  CO 
stripping  voltammograms  feature:  (i)  a  decreased  charge  under  the 
CO  electrooxidation  pre-peak,  and  (ii)  a  shift  toward  positive 
electrode  potentials  of  both  the  onset  and  the  position  of  the  main 
CO  electrooxidation  peak.  These  opposite  results  can  be  recon¬ 
ciliated  by  considering  that  “surface  defects”,  which  are  the  source 
of  oxygen-containing  species  necessary  to  oxidize  CO,  are  removed 
by  potential  cycling  in  CO-containing  solution  and  hence 
a  decreased  reactivity  for  the  CO  stripping  reaction.  This  effect  was 
first  documented  by  Arenz  et  al.  [51-53]. 

Estimating  the  relative  contribution  of  the  Pt  crystallite  migra¬ 
tion  to  the  overall  Pt  surface  area  loss  with  respect  to  other 
degradation  mechanisms  is  interesting.  In  the  present  study,  care 
was  taken  to  avoid  experimental  conditions  favoring  Ostwald 
ripening  and  carbon  corrosion.  Consequently,  the  Pt  surface  area 
losses  were  systematically  comprised  between  0  and  8%,  and  are 
consistent  with  the  evoked  migration  of  Pt  crystallites.  These 
percentages  are  also  consistent  with  high-resolution  TEM  (HRTEM) 
images  showing  that  Pt  crystallites  retain  their  individual  crystal¬ 
lographic  characteristics  in  Pt  agglomerates.  The  latter  were  found 
to  be  composed  of  individual  nanometer-sized  crystallites,  similar 
to  those  found  in  the  fresh  sample,  and  occasionally  of  sintered 
single  grain  coalesced  Pt  particles. 

It  is  also  worth  underlying  that  the  formation  of  localized  areas 
with  high  Pt  loading,  such  as  those  imaged  in  this  study,  may 


influence  other  degradation  mechanisms.  Indeed,  it  has  been  shown 
that  the  corrosion  rate  of  the  HSAC  support  is  accelerated  in  the 
presence  of  high  Pt  wt.%  [8,37]  because  highly  loaded  zones  of  the 
carbon  support  suffer  more  severe  corrosion  than  the  neighboring 
“Pt-depleted”  zones.  On  the  contrary,  we  point  out  that  the  agglom¬ 
eration/coalescence  of  Pt  nanoparticles  may  influence  positively  the 
rate  of  3D  Ostwald  ripening.  Indeed,  according  to  the  Gibbs — 
Thompson  relation,  the  increase  in  the  mean  Pt  particle  size  resulting 
from  the  agglomeration  of  Pt  crystallites  will  cause  an  increase  in  their 
chemical  potential,  and  translate  into  lower  Pt  corrosion  kinetics  [9]. 

3.4.  Effect  of  the  upper  potential  sweeping  conditions 

We  now  investigate  the  effect  of  the  upper  potential  limit  on  the 
migration  of  the  Pt  crystallites.  Additional  experiments  were  per¬ 
formed  with  an  upper  potential  limit  E  =  0.40  V  vs.  RHE  so  as  to 
avoid  the  exposure  of  the  Pt/C  catalysts  to  the  potential  region 
where  surface  (hydr)oxides  form  (E  >  0.60  V  vs.  RHE,  see  Ref.  [54]). 
Fig.  6  and  Table  3  show  that  the  Pt  crystallites  remain  mobile 
regardless  of  the  upper  potential  limit.  However,  slights  changes  of 
the  PSD  are  observed,  which  confirms  that  Pt  crystallite  migration 
is  the  only  coarsening  mechanism  at  work.  Interestingly, 
a  comparison  between  Tables  2  and  3  shows  that  the  morphological 
changes  of  the  fresh  Pt/C  catalyst,  although  unequivocal,  are  min- 
ored  with  the  decrease  of  the  upper  potential  limit. 

3.5.  On  the  origin  of  Pt  crystallite  migration 

We  now  tentatively  discuss  the  origin  of  the  increased  mobility 
of  Pt  nanoparticles  in  the  presence  of  H2,  CH3OH  and  CO  in  solution. 
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3.5.1.  Trapping  of  Pt  nanoparticles  at  defects  of  the  graphitic 
crystallites 

We  first  focus  on  the  nature  of  the  sites  where  Pt  nanoparticles 
are  sitting  on  the  HSAC  support.  During  the  migration  phenom¬ 
enon,  it  is  believed  that  Pt  crystallites  move  from  a  carbon  site  of 
lowest  energy  to  another  equivalent  site  without  very  much 
expenditure  of  energy  and  without  any  memory  of  their  motions.  In 
an  early  study,  Bett  et  al.  [10]  suggested  that  the  edges  of  the 
graphitic  basal  planes  may  possibly  be  the  sites  at  which  Pt  nano¬ 
particles  are  trapped.  Since  the  density  of  the  “trap”  sites  is  prob¬ 
ably  limited  and  characteristic  of  a  carbon  support,  it  is 
understandable  that  excessive  loading  by  Pt  nanoparticles  results  in 
a  large  fraction  of  “unstable”  Pt  nanoparticles  (that  is  in  insufficient 
interaction  with  the  carbon  support).  Such  scenario  accounts  for 
the  dependence  of  the  rate  of  Pt  crystallite  migration  on  the  Pt  wt.% 
observed  in  Fig.  2  but  cannot  rationalize  the  influence  of  reducing 
molecules  on  the  process. 

3.5.2.  Reduction  of  carbon  surface  groups 

As  mentioned  in  the  Introduction,  a  large  variety  of  COsurf 
groups  exists  on  high  surface  area  carbon  supports  but  the  nature  of 
their  interactions  with  the  metal  phase  remains  unclear.  Based  on 
X-ray  absorption  spectroscopy,  and  attenuated  total  reflection 
infrared  spectroscopy  results,  Hull  et  al.  [32]  convincingly  showed 
that  Pt  nanoparticles  interact  with  carbon  nanotubes  via  ester  and 
carboxyl  oxygen  atoms.  Strong  interactions  between  the  metal 
phase  and  the  oxygen-bearing  surface  groups  find  also  support  in 
the  work  of  Antonucci  et  al.  [19].  The  authors  reported  an  increase 
in  the  Pt4f  binding  energy  with  the  increase  of  the  concentration  of 
acidic  carbon  surface  oxides.  Therefore,  it  is  not  surprising  that  the 
presence  of  reducing  molecules  in  solution  enhances  the  rate  of  Pt 
crystallite  migration.  Indeed,  these  molecules  all  possess  a  standard 
potential  close  to  0  V  vs.  SHE:  (i)  H2  (Eh+/h2  =  a0°  V  vs*  SHE)’  (**) 
CH3OH  (Fra2/CH30H/  =  °-04  V  VS-  SHE)  and  (ill) co  (eco2/co  =  -°*10  v 
vs.  SHE),  i.e.  possess  great  ability  to  reduce  the  carbon  surface 
oxides  (EC0/c  =  °-52  v  V5-  SHE)  [55].  The  reduction  of  the  oxygen¬ 
bearing  groups  present  on  the  surface  of  the  Vulcan  XC72  support 
weakens  the  interaction  with  the  Pt  nanoparticles,  and  hence 
facilitates  the  mobility  and  further  collision  of  these  nanocrystals. 
Keeping  the  same  idea  in  mind,  it  is  striking  to  note  that  the  rate  at 
which  Pt  crystallites  are  lost  is  the  fastest  (see  Table  2)  when  CO  is 
present  in  solution,  that  for  the  most  negative  value  of  the  Gibbs 
energy  of  the  reaction  AG.  The  reduction  of  oxygen-bearing  groups 
of  the  carbon  support  by  H2,  CO  or  CH3OH  molecules  is  also 
documented  in  the  literature.  Indeed,  in  a  temperature-pro¬ 
grammed  reduction  and  temperature-programmed  desorption 
study,  Roman-Martinez  et  al.  [56]  evidenced  that  H2  assists  the 
desorption  and  the  reduction  of  carboxylic  acid  anhydride-  and 
quinone-containing  groups  into  water.  Obviously,  the  experimental 
conditions  are  largely  different  in  the  study  of  Roman-Martinez 
(gas  phase,  elevated  temperatures)  and  in  our  study  (liquid  elec¬ 
trolyte,  strong  electric  field,  low  temperatures)  but  a  closer  look  to 
background-subtracted  CO  stripping  voltammograms  in  Fig.  7 
shows  that  the  same  phenomena  may  occur  under  polarization. 
Indeed,  a  negative  current  is  observed  in  the  background-sub¬ 
tracted  CO  stripping  voltammogram  at  around  0.60  <  E  <  0.70  V  vs. 
RHE,  which  is  a  potential  zone  where  electrons  are  transferred  on 
quinone/hydroquinone  groups  [1]  or  pyrone-like  structures 
(combination  of  non-neighboring  carbonyl  and  ether  oxygen  atoms 
at  the  edge  of  the  graphene  layers)  [57].  Such  feature  strongly 
suggests  that  extended  polarization  at  low  electrode  potential  in 
the  presence  of  CO  reduces  part  of  the  COsurf  groups.  Consequently, 
an  increased  oxidation  current  is  observed  on  the  first  positive¬ 
going  potential  scan,  and  results  in  the  negative  current  in  the 
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I  H2  -  800  CVs 

I  CO  -  800  CVs 
|  CH3OH  -  800  CVs 

I  02  -  800  CVs 


Fig.  5.  The  number  of  isolated  and  agglomerated  particles  per  pm2  of  carbon  before/after  potential  cycling  in  electrolyte  containing  hydrogen,  carbon  monoxide,  methanol 


or  argon. 


background-subtracted  CO  stripping  voltammograms.  The  above 
hypothesis  has  also  been  confirmed  recently  by  in  situ  infrared 
spectroscopy  experiments  and  will  be  the  subject  of  forthcoming 
publication. 

Keeping  this  idea  in  mind,  we  also  performed  potential 
cycling  in  02-containing  solution,  all  other  experimental 


E I  V  vs.  RHE 


conditions  being  kept  identical  as  in  Fig.  4.  Fig.  8  shows  that  the 
shape  of  the  CO  stripping  voltammograms  remains  largely 
unchanged  during  the  durability  test,  which  confirms  that  the 
migration  of  the  Pt  crystallites  is  restricted  in  oxidizing  condi¬ 
tions  (promoting  the  persistence  of  COsurf  groups  on  the  carbon 
surface).  Also,  the  analysis  of  TEM  images  confirms  that  the 
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Fig.  6.  (A-D)  Background-subtracted  CO  stripping  voltammograms  and  (E-H)  particle  size  distribution  of  Pt /C  catalysts  before/after  800  cycles  between  0.05  and  0.40  V  vs.  RHE  in 
electrolyte  containing  hydrogen,  carbon  monoxide,  methanol  or  argon.  The  insets  show  representative  TEM  images  of  the  Pt/C  catalysts  and  the  size  distributions  of  the  “isolated” 
particles  after  the  800  cycles.  Electrolyte:  0.1  M  HC104;  v  =  0.020  Vs-1;  T  =  20  °C. 
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Table  3 

Number  and  surface  averaged  mean  particle  size,  density  of  isolated  and  agglomerated  particles  and  loss  of  isolated  Pt  particles  for  a  Pt/C  40  wt.%  commercial  electrocatalyst 
before/after  potential  cycling  in  various  conditions.  LPL  stands  for  low  potential  limit  (0.05  <  E  <  0.40  V  vs.  RHE). 


Pt/C  40  wt.%  E-TeK 

Supporting  electrolyte 

800  CVs  -  LPL 

HOR 

800  CVs  -  LPL 

MOR 

800  CVs  -  LPL 

COOR 

800  CVs  -  LPL 

dNl  nm 

3.8 

3.6 

5.1 

3.5 

dsl  nm 

5.0 

5.2 

7.1 

4.7 

Number  of  isolated  particles/ pirT  2  carbon 

6500 

6400 

4800 

5400 

Number  of  agglomerated  particles/pm-2  carbon 

2400 

2500 

2500 

2300 

Total  number  of  particles/ pm  2  carbon 

8900 

8900 

7300 

7700 

Loss  of  isolated  particles/% 

27.0 

28.0 

34.2 

29.9 

Fig.  7.  Background-subtracted  CO  stripping  voltammograms  performed  on  different 
Pt/C  electrocatalysts.  The  negative  current  in  the  potential  region  0.60  <  E  <  0.70  V  vs. 
suggests  that  COsurf  groups  were  at  least  partially  reduced  during  the  adsorption  of  CO 
at  E  =  0.1  V  vs.  RHE.  Each  voltammogram  is  the  average  of  three  measurements. 
Electrolyte:  0.1  M  HC104;  v  -  0.020  V  s_1;  T  =  20  °C. 


coarsening  of  the  Pt  nanoparticles  is  kept  to  a  low  extent 
(Table  2).  Here  again,  the  parallel  with  gas-phase  catalysis  is 
striking.  Indeed,  Sellin  et  al.  [58]  exposed  Vulcan  XC72-sup- 
ported  Pt  nanoparticles  to  heat-treatment  at  T  =  573  K  under 


Fig.  8.  Background-subtracted  CO  stripping  voltammograms  recorded  on  Pt/C  40  wt.% 
before/after  50  and  800  cycles  between  0.05  and  1.23  V  vs.  RHE  in  oxygen-saturated 
electrolyte.  The  inset  shows  a  representative  TEM  image  of  the  Pt/C  catalyst  after 
the  800  potential  cycles.  Electrolyte:  0.1  M  HC104;  v  =  0.020  V  s_1;  T  =  20  °C. 


oxidizing,  inert,  and  reducing  atmospheres.  They  reported  the 
agglomeration  of  the  Pt  crystallites  and  an  increase  of  the  mean 
crystallite  size  under  3%  H2/He,  whereas  little  structural  changes 
were  detected  under  air. 

4.  Conclusions 

The  results  presented  in  this  study  evidenced  that  Pt  crystallites 
are  not  immobile  on  an  HSAC  support  but  can  collide  and 
agglomerate  under  potential  cycling  conditions.  Although  bearing 
minor  importance  in  terms  of  Pt  surface  area  losses,  this 
phenomenon  may  influence  or  even  accelerate  the  rate  of  other 
degradation  mechanisms,  such  as  the  electrochemical  corrosion  of 
the  carbon  support  and  the  3D  Ostwald  ripening.  The  migration 
rate  of  the  Pt  crystallites  is  the  largest  in  CO-containing  solution 
and  decreases  in  the  order  CO  >  CH3OH  >  H2.  We  postulate  that  the 
morphological  changes  of  the  Pt/C  nanoparticles  are  related  to  the 
reduction  of  the  oxygen-bearing  surface  groups  strongly  interact¬ 
ing  with  the  Pt  nanocrystallites. 

Appendix  A.  Supplementary  material 

Supplementary  material  associated  with  this  article  can  be 
found,  in  the  online  version,  at  http://dx.doi.Org/10.1016/j. 
jpowsour.2012.06.016. 
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